Fear memory extinction has several characteristic behavioral features, such as spontaneous recovery, renewal, and reinstatement, suggesting that extinction training does not erase the original association between the conditioned stimulus (CS) and the unconditioned stimulus (US). However, it is unclear whether reactivation of the original physical record of memory (i.e., memory trace) is sufficient to produce conditioned fear response after extinction. Here, we performed pharmacogenetic neuronal activation using transgenic mice expressing hM3Dq DREADD (designer receptor exclusively activated by designer drug) under the control of the activity-dependent c-fos gene promoter. Neuronal ensembles activated during fear-conditioned learning were tagged with hM3Dq and subsequently reactivated after extinction training. The mice exhibited significant freezing, even when the fear memory was no longer triggered by external CS, indicating that the artificial reactivation of a specific neuronal ensemble was sufficient to evoke the extinguished fear response. This freezing was not observed in non-fearconditioned mice expressing hM3dq in the same brain areas. These results directly demonstrated that at least part of the original fear memory trace remains after extinction, and such residual plasticity might reflect the persistent memory.
Introduction
Persistency is a critical hallmark of memory. It describes the accurate, long-term storage of information. However, the persistency of fear memories can cause pathological maladaptations to environmental changes and result in anxiety disorders, such as phobias and post-traumatic stress disorder (PTSD). On the other hand, memories can be dynamically modified over time and by our daily experiences (Lacy and Stark, 2013) . The fundamental question therefore arises as to whether the original internal representation of the memory (i.e., the memory trace) persists when the expression of that memory is altered (Dudai, 2012; Lütcke et al., 2013) . This is a critical question for understanding the neural basis of memory and for the treatment of fear and anxiety disorders.
Pavlovian fear conditioning is a well-established model used to study the neural basis of fear memory (Fanselow and Poulos, 2005; Johansen et al., 2011) . It involves association of a neutral conditioned stimulus (CS) with a noxious unconditioned stimulus (US), such as an electrical foot shock, and results in the acquisition of a persistent fear memory for the CS that manifests as a fear-related behavior. However, subsequent repeated re-exposure to the CS in the absence of the US eventually results in the loss of the fearrelated behavior. This dynamic process, known as extinction, has several characteristic behavioral features, such as spontaneous recovery, renewal, and reinstatement, that favor the view that extinction does not erase the original association between the CS and the US (Myers and Davis, 2002; Maren and Quirk, 2004; Herry et al., 2010; Maren, 2011) , thereby implying the existence of an extinction-resistant plasticity of the fear memory trace. Moreover, recent advanced genetic and physiological studies have begun to reveal neural circuits of fear memory and extinction memory embedded in the brain across several interacting regions such as the amygdala, prefrontal cortex, midbrain, and hippocampus. During extinction training, extinction networks that inhibit fear networks are considered to be formed. However, it is not clear whether the recovery of memory is caused by reactivation of the original neuronal ensembles activated during fear memory acquisition. We hypothesized that if plasticity of the neuronal ensemble that encoded the original fear memory trace was not abolished by extinction training, then forced activation of the neuronal ensembles would overcome extinction and lead to fear responses. To test this idea, here we attempted to examine whether forced activation of the original memory trace evokes the extinguished fear response. To manipulate the activities of memory traces sparsely distributed within brain tissue, we used a c-fos promoter driven tTA (tetracycline-controlled transactivator) transgenic system in which the promoter of the c-fos gene, an immediate early gene, was activated during a given time window (Matsuo et al., 2008; Reijmers et al., 2007) . The system has been used to provide a causal sufficiency and necessity between memory traces and the activities of specific ensembles of neurons that were activated during conditioned fear learning (Garner et al., 2012; Liu et al., 2012; Cowansage et al., 2014; Tanaka et al., 2014; Ohkawa et al., 2015; Matsuo, 2015) .
Materials and methods

Subjects
The hM3Dq
c-fos double transgenic mice were produced by mating cfos-tTA transgenic mice (Matsuo et al., 2008; Reijmers et al., 2007) with tetO-hM3Dq transgenic mice (Alexander et al., 2009) . They were bred for more than 9 generations on the C57BL/ 6J background and maintained as heterozygotes. All mice were bred in social groups (2e5 mice per cage), provided food and water ad libitum, and fed a Dox diet (50 mg/kg) from the time of weaning (3e5 weeks old) to the onset of experiments (10e18 weeks old). To induce hM3Dq expression, Dox administration was discontinued for 9 days. Only males were used for behavioral experiments. All procedures were approved and conducted in accordance with guidelines of Kyoto University and Osaka University on the care and use of laboratory animals.
Immunohistochemistry
Brains were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS) at 4 C overnight and sectioned at a thickness of 40 mm using a vibratome (Leica). Free-floating slices were permeabilized with 0.3% TritonX-100 in 5% bovine serum albumin (BSA)/PBS at room temperature for 30 min, and then rinsed with PBS. We subsequently used enzyme antibody techniques for labeling c-Fos, and fluorescence antibody techniques for labeling HA, neuronal-specific nuclear protein (NeuN), and glutamate decarboxylase 67 (GAD67), a marker of GABAergic inhibitory neurons.
For enzyme antibody staining, permeabilized slices were incubated with the primary antibody (rabbit anti c-Fos antibody, 1:2,000, Ab-5, Calbiochem) at room temperature overnight. Next, slices were rinsed with 0.3% TritonX-100/PBS three times for 10 min, and incubated with the secondary antibody (biotin conjugated donkey anti-rabbit antibody, 1:500, AP182B, Millipore) at room temperature for 1 h. Slices were then rinsed with 0.3% TritonX-100/PBS three times for 10 min, and incubated with an avidin-biotinylated peroxidase complex reagent (ABC-Elite, VEC-TOR Laboratories) at room temperature for 1 h. Then, slices were rinsed with PBS three times for 10 min, and incubated with a solution containing 0.02% 3,3 0 -diaminobenzidine tetrahydrochloride (DAB, Sigma), 0.001% hydrogen peroxide, and 50 mM TriseHCl, pH 7.6. Finally, slices were rinsed with PBS three times for 10 min and mounted with 50% glycerine.
For fluorescence antibody staining, permeabilized slices were incubated with primary antibodies (rabbit anti-HA antibody, 1:2,000, 600-401-384, Rockland; rat anti-HA antibody, 1:1,000, clone 3F10, Roche; rabbit anti-ZIF (Egr-1) antibody, 1:4,000, sc-189, Santa Cruz Biotechnology; mouse anti-NeuN antibody, 1:1,000, MAB377, Millipore; mouse anti-CaMKII antibody, 1:1,000, 05-532, Millipore; mouse anti-GAD67 antibody, 1:1,000, MAB5406, Millipore; rat anti-Ctip2 antibody, 1:2,000, ab18465, Abcam) at 4 C overnight. Rat anti-HA antibody was used for double-staining of HA and Zif. Next, slices were rinsed with PBS three times for 10 min and incubated with secondary antibodies at 4 C overnight (goat antirabbit AlexaFluor594, 1:800, Molecular Probes; goat anti-mouse AlexaFluor647, 1:800, Molecular Probes). Slices were then rinsed with PBS for 10 min and subsequently incubated with 4 0 ,6-diamidino-2-phenylindole (DAPI, Molecular Probes) at room temperature for 3 min. Next, slices were rinsed with PBS three times for 10 min and mounted with SlowFade Gold antifade reagent (Molecular Probes).
For the quantification of c-Fos immunoreactivity, images were acquired using an Axioplan 2 imaging microscope (Zeiss) equipped with an AxioCam HR CCD camera (Zeiss). Images were binarized using ImageJ (NIH), and c-Fos positive cells were counted by an experimenter blind to the conditions. Fluorescent images were obtained with an FV1000 confocal laser scanning microscope (Olympus) or an Axio Imager2 (Zeiss) equipped with an AxioCam MRm CCD camera (Zeiss).
Fear conditioning and extinction
All behavioral experiments were conducted during the light period of the light/dark cycle. At the start of experiments, mice were individually housed and subjected to handling sessions for 3 days. For contextual fear conditioning, mice were placed in a novel rectangular chamber (25 Â 33 Â 28 cm) with white acrylic side walls, transparent plastic top, front, and rear walls, and a stainless steel grid floor (0.2 cm diameter, spaced 0.5 cm apart) (O'Hara & Co., Ltd) in a sound-proof room with no specific scent. Lightemitting diode (LED) lights, attached to the ceiling above the apparatus, illuminated at 100 lux. Three foot shocks (2 s, 0.75 mA) were administered at timepoints of 208, 298, and 388 s after the animals were placed in the chamber. Mice were returned to their home cage 60 s after the final shock.
For contextual fear memory extinction training, mice were subjected to 2 trials of context re-exposure with a 120 min interval. For each trial, mice were placed in the chamber where fear conditioning was conducted for 30 min without foot shock presentation. For the memory test on days 2 and 3, mice were returned to the chamber for 30 and 3 min, respectively, to assess their contextual fear memory recall as measured by their freezing behavior.
Freezing was scored and analyzed automatically with a CCD camera-based system, TimeFZ4 (O'Hara & Co., Ltd). Images were recorded from the top of each chamber using the camera (two frames per second). For the analysis of images, the gap area (pixel) between the contour of mice in one frame and that in the next frame was identified. If the gap area was under 20 pixels (approximately 30 mm 2 ) for 2 continuous seconds, mice were judged to have shown freezing behavior. Freezing scores were expressed as the ratio of the freezing period to the experimental period. Two out of 16 wild-type mice whose conditioned responses were not extinguished (greater than 85% freezing) within the first 3 min of the retrieval test on day 2 were excluded from the analysis in Fig. 4 .
Surgery
Mice were anesthetized (intraperitoneal injection with 64.8 mg/ kg pentobarbital (Kyoritsu Seiyaku) dissolved in saline) and placed into a stereotaxic frame (David Kopf Instruments) in a flat skull position. After lidocaine (80 mg/mL; AstraZeneca) was dropped onto the head, the skull was exposed. Then, a guide cannula (external diameter 0.7 mm, internal diameter 0.5 mm; Nipro) was fixed to the skull (bregma À5.6 mm, midline þ0.5 mm, dorsal surface À2.5 mm, angled 12 anterior) using dental cement (GC Dental Products) and two stainless steel jeweler's screws.
Injections
To assess CNO-induced activation of hM3Dq, mice were injected intraperitoneally with either saline (Otsuka) or CNO (Enzo Life Sciences) dissolved in saline (5 mg/kg) and sacrificed 130e140 min later for subsequent immunohistochemistry. For behavioral experiments, the retrieval test was performed 30 min after injection on day 2. For local administration, 5 mg/mL CNO dissolved in artificial cerebrospinal fluid (127 mM NaCl, 1.6 mM KCl, 1.24 mM KH 2 PO 4 , 1.3 mM MgSO 4 , 2.4 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM glucose) was injected 1 mm past the cannula tip. A total volume of 300 nL was infused into the PAG over 1 min controlled by a hand pump. The injector was drawn 1 min after injection.
Statistical analysis
All data were analyzed using Excel (Microsoft) and Prism5 (GraphPad software). Unpaired t-test was used to identify significant differences between two groups. Multiple comparisons were made by one-way ANOVA, or two-way ANOVA followed by posthoc Bonferroni test. Data are presented as mean ± s.e.m.
Results
The transgenic system to manipulate a behaviorally activated ensemble of neurons
The neuronal activity-dependent c-fos promoter driven tTA transgenic system (Matsuo et al., 2008; Reijmers et al., 2007) permits tagging of a specific subset of neurons that are activated during a learning paradigm, and has been used to genetically tag the memory traces (Mayford, 2014; Tonegawa et al., 2015) . To artificially reactivate the tagged neurons, we utilized the engineered M3 muscarinic receptor-based DREADD (designer receptor exclusively activated by a designer drug) system (Alexander et al., 2009) . Taking advantage of these two systems, we generated double transgenic mice (referred to as hM3Dq c-fos Tg mice) that expressed the hM3Dq protein under the regulation of the c-fos promoter in a doxycycline (Dox) dependent manner (Fig. 1A) . When hM3Dq c-fos Tg mice were fear conditioned in the absence of Dox, prominent expression of HA-tagged hM3Dq was detected in the dorsal hippocampal CA1 area, subiculum, the cerebral cortex, and the basolateral amygdala (BLA) (Fig. 1B , C, EeG). HA immunoreactive signals were not detected in the central nucleus of the amygdala (CeA) nor the periaqueductal gray (PAG), which are directly involved in the expression of freezing behavior (Applegate et al., 1983; Depaulis et al., 1992; Davis and Whalen, 2001 ). The hM3Dq-positive cells were sparsely distributed and co-labeled with NeuN and CaMKIIa but not GAD67 in the hippocampal CA1 area and BLA (Fig. 2) . In the somatosensory cortex (SC), 92.67% of HA-positive cells were co-labeled with CaMKIIa or Ctip2, expressed in excitatory neurons of numerous cortical layer V (Moln ar and Cheung, 2006) (Fig. S1 ). These results indicate that fear conditioning-induced hM3Dq expression was largely restricted to excitatory neurons. Consistent with our results, in other reported studies using the same c-fos-tTA transgenic mouse system, transgene expression was not detected in GAD positive inhibitory neurons (Reijmers et al., 2007; Liu et al., 2012; Tanaka et al., 2014) . We cannot completely exclude the possibility that other behavioral stimuli could induce transgene expression in GAD67 positive cells. However, at least for fear-conditioned learning, even if the transgenic system is capable of expressing transgenes in GAD67 positive neurons, it is very rare or an artifact. When hM3Dq c-fos Tg mice were fear conditioned in the presence of Dox, expression of HA-tagged hM3Dq was negligible in all brain regions (Fig. 1D) , showing successful transgene suppression by Dox.
CNO-induced activation of hM3Dq-positive cells in hM3Dq
c-fos
Tg mice
The hM3Dq receptor is an artificially-evolved G protein-coupled receptor that lacks detectable constitutive activity but can be activated by treatment with the exogenous ligand clozapine-Noxide (CNO) (Armbruster et al., 2007; Alexander et al., 2009) . CNOinduced activation of hM3Dq depolarizes and increases the firing rate of neurons in a phospholipase C-dependent manner (Alexander et al., 2009 ). To determine whether peripheral CNO administration elicits neuronal activation in hM3Dq c-fos Tg mice, the density of c-Fos positive cells in several brain regions of CNOtreated Tg mice was compared to that in saline-injected Tg animals, in which hM3Dq was induced by fear conditioning on the previous day. To achieve this, Tg animals were injected with CNO or saline, and were returned to their home cages. Two hours later, they were subjected to immunohistochemistry. We observed that the density of c-Fos-positive cells was significantly higher in the BLA, subiculum, rhinal cortex, and somatosensory cortex of CNO-treated mice than in those of saline-treated mice ( Fig. 3AeE and Fig. S2 ). This is consistent with the pattern of hM3Dq expression in the brain. Furthermore, the proportion of HA-immunoreactive cells that were co-labeled with the activity-marker ZIF was significantly higher in CNO-injected animals than in saline-injected control animals (Fig. 3FeN ). These results demonstrate that intraperitoneal injection of CNO activated the hM3Dq-tagged neurons that were sparsely distributed in the brain of hM3Dq c-fos Tg mice.
Behaviorally, CNO-treatment evoked significantly more freezing in a novel context in fear-conditioned Tg mice than in fearconditioned wild-type (wt) mice and home-caged control Tg mice (one-way ANOVA, F (2,33) ¼ 4.444, p ¼ 0.0195) (Fig. S3) , suggesting that hM3Dq-mediated reactivation of the specific neuronal ensemble tagged during fear learning was sufficient to trigger a fear memory response.
Artificial reactivation of neuronal ensembles activated during fear conditioning evokes the extinguished fear response
We next examined whether the reactivation of the neuronal ensembles that were activated during learning was sufficient to retrieve the extinguished fear response (Fig. 4) . Mice were taken off Dox and exposed to a novel context in which they were given electrical foot shocks to elicit a long-term contextual fear memory. The neurons activated during the conditioned learning were therefore genetically tagged with hM3Dq. Mice were returned to their home cage and fed a Dox diet to suppress further expression of hM3Dq in neurons that were unrelated to the learning (Fig. S4) . On day 2, mice were repeatedly re-exposed to the context in the absence of foot shocks, resulting in the extinction of the contextual fear memory as inferred from a decrease in freezing behavior (Fig. 4B) . The decrease in freezing behavior was similar in hM3Dq c-fos Tg and wt mice (two-way repeated measures ANOVA, F (1,33) ¼ 0.059, p ¼ 0.81, significant (p ¼ 0.043) genotype Â time interaction), indicating that the memory was extinguished to a similar degree and therefore that exogenous expression of hM3Dq does not by itself affect extinction.
CNO was administered after extinction training to reactivate the ensemble of hM3Dq-tagged neurons. Mice were re-exposed to the context, and fear memory retrieval was evaluated by measuring the freezing response. We found that the CNO-injected hM3Dq c-fos Tg mice exhibited significantly more freezing than control salineinjected Tg animals (two-way repeated measures ANOVA, F (1,19) ¼ 5.89, p ¼ 0.025, significant (p < 0.0001) drug Â time interaction) (Fig. 4B, Test) . No significant differences in freezing behavior were found between CNO-injected wt mice and salineinjected wt mice (two-way repeated measures ANOVA, F (1,12) ¼ 0.0054, p ¼ 0.94, no significant (p ¼ 0.21) drug Â time interaction) (Fig. 4B, Test) , thereby excluding the possibility that CNO itself affected freezing behavior. These observations therefore suggest that artificial reactivation of neuronal ensembles activated during fear-conditioned learning was sufficient to evoke a fear response, even though the fear memory was no longer activated by the CS. On day 3, a memory retrieval test was performed in the absence of CNO to investigate whether artificial reactivation of the neuronal ensembles resulted in re-conditioning. We found that freezing behavior was similar in hM3Dq c-fos Tg mice and wt mice (unpaired t-test, p ¼ 0.64) (Fig. 4B , Retrieval Test), suggesting that the artificial reactivation was not sufficient to mimic learning. Although incomplete reactivation of the memory trace was sufficient to evoke memory retrieval, learning might require a high degree of precision in the pattern and timing of firing of specific neuronal ensembles.
Although we did not detect significant HA-hM3Dq immunoreactive signals in the CeA and PAG, it is possible that CNO-mediated activation of cells with subtle hM3Dq expression in these brain areas could directly evoke freezing behavior irrelevant to conditioned learning. In addition, some unknown brain regions that potentially evoke freezing might be labeled with hM3Dq during home-cage activity and context exposure alone. To exclude the possibility that the activation of neural ensembles that are unrelated to conditioned fear memory could evoke freezing, we examined the behavior of hM3Dq c-fos Tg mice with hM3Dq expressed in neurons that are not associated with conditioned learning (Fig. 5 ). Animals were housed in their home cage for a month in the absence of Dox to induce hM3Dq in spontaneously activated neurons. Mice were subsequently exposed to a conditioning chamber to induce further hM3Dq expression in neurons activated by the stimuli of a novel environment, resulting in hM3Dq expression in several brain regions, including the hippocampus, cerebral cortex, and basolateral amygdala ( Fig. 5B and C) , which is the same expression pattern as that observed after fear conditioning. On the following day, either saline or CNO was systemically administered to the hM3Dq c-fos Tg mice and to wt mice, and mice were placed in the conditioning chamber for 30 min to monitor freezing behavior. (Fig. 5D ). These observations indicate that freezing behavior was not caused by the activation of neuronal populations that were not associated with fear conditioning. To further exclude the possibility that the CNO-induced freezing behavior after extinction was caused by direct artificial activation of Abbreviations: DG, hippocampal dentate gyrus; BLA, basolateral amygdala; CeA, central nucleus of the amygdala; LA, lateral amygdala. Scale bars, 250 mm.
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the PAG, although the immunohistochemical examinations did not detect HA-tagged hM3Dq signals in the PAG, we performed local CNO administration into the PAG of hM3Dq c-fos Tg mice after extinction (Fig. S5) . The injection did not evoke freezing behavior in either hM3Dq c-fos Tg mice or wt mice (two-way repeated measures ANOVA, F (1, 7) ¼ 0.094, p ¼ 0.77, main effect of genotype, no significant (p ¼ 0.21) genotype Â time interaction), suggesting that the induced freezing was not a result of direct PAG activation but rather caused by the reactivation of fear memory engram distributed within the brain.
Discussion
Since Pavlov observed that an extinguished conditional response could spontaneously recover with the passage of time (Pavlov, 1927) , memory extinction has been interpreted as a process that does not erase the original memory trace (Myers and Davis, 2002; Maren and Quirk, 2004; Herry et al., 2010; Maren, 2011) . In vivo single-unit recordings revealed that distinct neuronal populations, whose activity correlates with high-fear state (fear neurons) and with extinction training (extinction neurons), coexist within the basal nuclei of the amygdala (BA) (Herry et al., 2008) . However, it is unknown whether the reactivation of neuronal ensembles activated during memory acquisition is sufficient to elicit the extinguished fear response. We found that hM3Dq c-fos Tg mice exhibited freezing behaviors after successful extinction training when cells tagged with hM3Dq during fear-conditioned learning were artificially reactivated, demonstrating a memory trace that was resistant to extinction. Our results provide direct evidence for the idea that extinction training does not erase the conditioned fear memory trace, although they do not necessarily exclude the possibility that the original memory trace could be modified during memory extinction. At the cellular level, extinction training caused depotentiation of CS inputs and endocytosis of AMPA receptors in the lateral amygdala (Kim et al., 2007; Clem and Huganir, 2010) . In addition, studies using single-unit recordings demonstrated a reduction in CS-evoked firing in most but not all lateral amygdala neurons (Repa et al., 2001 ) and a consistent synchrony of firing after extinction (Quirk et al., 1995) . Such extinction-resistant residual plasticity might reflect the persistent memory trace, and may be sufficient to elicit a fear response by reconstituting activities in the entire memory trace. However, a recent study demonstrated that an optical CS applied after auditory cued-fear memory extinction trials failed to evoke the conditioned response (Nabavi et al., 2014) . Recent advanced mouse genetics studies have revealed memory engrams of conditioned fear memory by demonstrating the causal sufficiency. For example, optogenetic reactivation of neuronal ensembles in the hippocampal DG or retrosplenial cortex that were activated during contextual fear conditioning has been shown to be sufficient to elicit freezing in a novel unconditioned context (Liu et al., 2012; Cowansage et al., 2014) . Similarly in the lateral amygdala, reactivating the specific neuronal ensemble in which fear memory was allocated with elevated levels of cAMP responseelement binding protein (CREB) was able to induce freezing (Kim et al., 2014) . These studies suggest that conditioned fear memory Freezing behavior induced by fear-conditioned learning was attenuated by 2 trials of re-exposure to the context on day 2 (extinction training). One hour after extinction training, mice were injected with either saline (wt: n ¼ 8, Tg: n ¼ 9) or CNO (wt: n ¼ 6, Tg: n ¼ 12), and subjected to a memory retrieval test (test). On day 3, hM3Dq c-fos Tg and wt mice that were subjected to fear conditioning, extinction, and CNO-injection on days 1 and 2 were subjected to a memory retrieval test without CNO treatment (retrieval test). Freezing behaviors were quantified and averaged across consecutive 3-min epochs. B, The amount of time spent frozen in each 3-min epoch. Post-hoc test, *p < 0.05, **p < 0.01. engram resides in distributed brain regions including the hippocampal DG, neocortex, and lateral amygdala. In addition, memory traces in distinct brain areas can interact to support fear memory retrieval (Cowansage et al., 2014; Tanaka et al., 2014) . It remains for future investigations to determine which fear memory engrams distributed across several brain areas is sufficient to evoke extinguished fear memory. This would contribute to understanding the regulation of a switch in the balance between fear memory and extinction memory. We observed that administration of CNO to hM3Dq c-fos Tg mice with hM3Dq expressing neurons that were not associated with a fear memory did not induce freezing. Consistent with our results, optogenetic activation of a randomly selected population of neurons in the BLA or the hippocampal DG did not evoke freezing (Tye et al., 2011; Liu et al., 2012) , and light stimulation of neurons in the dorsal hippocampal CA1 area that expressed channel rhodopsin (ChR2) driven by a CaMKIIa promoter increased locomotor activity rather than immobility freezing (Tanaka et al., 2012) . Thus, the fear response observed in the present study was likely not simply due to non-specific activation of a group of neurons unrelated to the learned fear. Although direct stimulation of the CeA or PAG produces behavioral fear responses, including freezing (Ciocchi et al., 2010; Applegate et al., 1983; Depaulis et al., 1992; Davis and Whalen, 2001) , fear conditioning did not induce detectable hM3Dq expression in these regions of hM3Dq c-fos Tg mice. Notably, a tendency towards increased c-Fos immunoreactivity was observed in the CeA of CNO-treated animals, although this was not statistically significant. This implies that the CeA may have been indirectly activated by the activation of a memory trace embedded in a global brain network that includes the BLA and other connected brain regions. We further confirmed that local CNO administration to the PAG of hM3Dq c-fos Tg mice did not evoke freezing. Thus, it is unlikely that the observed freezing was caused by direct activation of the brain regions responsible for the expression of freezing behavior. Nonetheless, hM3Dq labeled neurons include those nonspecifically induced during home-cage activities as well as those associated with fear memory. Thus, we cannot completely exclude the potential influence of the activation of non-specifically labeled cells, and readers should be aware of this limitation in interpreting the results. In the present study, animals began to show substantial behavioral changes approximately 20 min after they were placed in the test chamber, which corresponds to approximately 50 min after intraperitoneal injection of CNO. We consider that this lag represents the time taken for the peripherally administered drug to sufficiently affect neurons in the brain. Bath application of CNO to hippocampal slices from hM3Dq
CaMKIIa mice depolarized CA1 pyramidal cells within a few minutes (Alexander et al., 2009 ), however, consistent with our findings, previous studies have reported a time lag of 30e40 min after peripheral administration of CNO before hM3Dq transgenic animals show significant changes in behavior and neuronal activity (Alexander et al., 2009; Garner et al., 2012) . In addition, it has been reported that CNO-mediated neuronal activation persisted for~9 h in vivo (Alexander et al., 2009 ). This continuous neuronal activation during the test might result in a significantly larger time percent of freezing in our experiment compared with that in natural fear memory retrieval. Flexibility versus persistency of memory is a critical issue. Longterm in vivo calcium imaging and multi-unit recordings have begun to reveal the dynamic or stable patterns of activity in different neuronal populations in the brain (Lütcke et al., 2013) . However, there are few examples demonstrating a causal link between the activity of a specific neuronal ensemble and a physiological function. Neuronal populations that encode memory traces have recently been identified by studies using the transgenic c-fos promoter-driven system (Garner et al., 2012; Liu et al., 2012) . An important question that should be addressed is whether the memory trace is stable or transformed by memory modifications associated with subsequent experiences and the passage of time. In the case of extinction of contextual fear memory, our observations demonstrate that at least some of the memory trace is stable, and that reactivation of this stable portion is sufficient to evoke a fear response. Several studies have demonstrated that extinction training initiated during the time window of fear memory reconsolidation permanently attenuated fear memory expression in rats and humans (Monfils et al., 2009; Schiller et al., 2010) . It would be interesting to examine whether reactivation of the original fear memory trace will recover fear responses even after extinction training of this specific behavioral design.
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